Abstract This article explores the potential use of multi-spectral high-spatial resolution QuickBird imagery to detect cruciferous weed patches in winter wheat fields. In the present study, research was conducted on six individual naturally infested fields (field-scale study: field area ranging between 3 and 52 ha) and on a QuickBird-segmented winter wheat image (broad-scale study: area covering approximately 263 winter wheat fields, approximately 2 656 ha) located in the province of Córdoba (southern Spain). To evaluate the feasibility of mapping cruciferous weed patches in both the field-scale and broad-scale studies, two supervised classification methods were used: the Maximum likelihood classifier (MLC) and vegetation indices. Then, the best classification methods were selected to develop in-season site-specific cruciferous weed patch treatment maps. The analysis showed that cruciferous weed patches were accurately discriminated in both field-scale and broad-scale scenarios. Thus, considering the broad-scale study, classification accuracies of 91.3 and 89.45 % were obtained using the MLC and blue/green (B/G) vegetation indices, respectively. The site-specific treatment maps obtained from the best classifiers indicated that there is a great potential for reducing herbicide use through in-season, cruciferous weed patch site-specific control on both a field-scale and broad-scale. For example, it can be determined that by applying site-specific treatment maps on a broad-scale, herbicide savings of 61.31 % for the no-treatment areas and 13.02 % for the low-dose herbicide areas were obtained.
Introduction
Cruciferous weeds are competitive broad-leaved weeds that are very abundant in temperate areas worldwide and reduce the yield of winter cereal crops such as wheat (Triticum durum L.) (Mas and Verdu 2003; Dhima and Eleftherohorinos 2005; Beres et al. 2010) . The results of recent field surveys conducted on 30 000 ha near Córdoba and Seville in Andalusia, southern Spain, indicated that more than 65 % of the fields were infested with cruciferous weeds, including Diplotaxis spp. (generally D. virgata Cav. DC. and D. muralis L. DC) and Sinapis spp. (generally S. arvensis L. and S. alba L.) (De Castro et al. 2009 ). Winter crop weeds are often controlled by pre-sowing herbicides in cereals (e.g., glyphosate, N-(phosphonomethyl)glycine); however, these herbicides cannot adequately control cruciferous weeds, and some specific herbicides, such as triasulfuron (20 %) (1-[2-(2-cloroetoxi) fenilsulfonil]-3-(4-metoxi-6-metil-1,3,5-triazin-2-il) urea), are usually applied at post-emergence. Moreover, most winter crops in Mediterranean areas are produced through no-till or reduced tillage techniques; consequently, weeds such as the cruciferous types have become more problematic because they cannot be reduced by repeated tillage or cultivation.
The cost and importance of weed control in current agricultural production means that accurate, up-to-date information on weed location, density, distribution and spread over time is essential for rational broad-scale weed management. Otherwise, the high dependence on herbicides and the fuel requirements of application machinery, both of which are increasing in price, will decrease the profitability and further sustainability of cropping systems. Weeds typically tend to be distributed along the direction of cultivation (Gerhards and Christensen 2006) and occur aggregated in patches rather than uniformly across fields (Jurado-Expósito et al. 2003 , 2009 Nordmeyer 2009 ). Patchy distribution mapping is necessary to prevent the spread of weeds to clean areas which is particularly relevant for invasive weeds, and to implement site-specific weed management (SSWM) only where weeds are located at densities greater than those that cause economic losses. This weed control strategy has tremendous potential to provide economic and environmental benefits. Therefore, accurate, appropriate and well-timed weed maps are a key component in taking full advantage of site-specific herbicide applications and avoiding over-application (Lamb and Brown 2001) .
To develop SSWM practices based on maps, robust methods for weed data acquisition and analysis and the delineation of timely site-specific treatment zones (control maps) are required for further use. One of the crucial steps for weed mapping is weed monitoring, and researchers are actively exploring how aerial or satellite imagery can be used to delineate weeds within crops during the growing season. The relevance, importance and requirements of remote sensing in SSWM has been recently reviewed (López-Granados 2011) . The detection of late-season weed infestations for in-season site-specific control is feasible when the soil surface is completely covered (to avoid soil background reflectance), weeds are above the crop canopy, spectral differences between crops and weeds are greatest, and crops and weeds have not reached the same phenological stage. Thus, late-season weed detection maps can be used to design SSWM for the application of in-season post-emergence herbicides if adequate pre-emergence control was not achieved (De Castro et al. 2012a) . Alternatively, because weed infestations are relatively stable from year to year, applications can be carried out in subsequent years (Heijting et al. 2007; Jurado-Expósito et al. 2004; Zijlstra et al. 2011) .
A key issue for broad-scale weed assessment is the surface coverage at which the problem is analysed (Laffan 2006) . Most research into the spatial analysis of late weed distributions using airborne multi-spectral imagery has focused on the field-scale, with study areas ranging from several hundred of m 2 to a few km 2 (Hamouz et al. 2008; Gutiérrez-Peña et al. 2008; De Castro et al. 2012a) , rather than on a regional-scale. Such data provide a very broad picture of infestations on the local-scale but are inappropriate for SSWM decisions on a broad-scale (i.e., tens of km 2 ). Satellite imagery can provide a larger area of coverage on a regular basis and, currently, there are three commercial satellites that acquire high-spatial resolution imagery: QuickBird, GeoEye-1 (Digital Globe) and Ikonos (Space-imaging). Multi-spectral IKONOS data have been used successfully to classify invasive aquatic weeds (Jakubauskas et al. 2002) , and QuickBird imagery has been used for the early detection of sterile oat (Avena sterilis) patches in barley (Martín et al. 2011) and to detect Cirsium arvense in a sugar beet field (Backes and Jacobi 2006) . However, these authors worked in small experimental areas and did not analyse a broad-scale weed infestation. Therefore, knowledge of the spatial distribution of weed infestations over regional scales is missing, despite being essential for effective site-specific management and for assessing the source of weed populations and future threats (Laffan 2006) . Such maps are required by advisors, researchers, and agronomy-related companies.
To identify differences in the reflectance between cruciferous weeds and winter wheat, field data from different years and locations were used to analyse real field spectroradiometry data (De Castro et al. 2012b ). The results showed that there were sufficient spectral differences between cruciferous weeds and winter wheat to allow a correct classification using multi-spectral measurements and suggested that multi-spectral high-spatial resolution satellite imagery such as QuickBird can potentially discriminate cruciferous weeds in winter wheat at late growth stages. Therefore, the main goal of this work was to investigate the possibilities and limitations of multi-spectral high-spatial resolution QuickBird satellite imagery in discriminating and mapping cruciferous weeds in winter wheat crops for in-season site-specific control. The specific objectives were (1) to compare the accuracy of two different classification methods (vegetation indices and Maximum Likelihood Classifier, MLC); (2) to determine the accuracy of these supervised classification methods on a field-scale (individual fields selected in a QuickBird image) and a broad-scale (considering the entire QuickBird scene); and (3) to develop site-specific cruciferous treatment maps for in-season post-emergence applications using the best classification methods.
Materials and methods

Study site and satellite image acquisition
The study was conducted in an area of approximately 102 km 2 (15.76 km 9 6.47 km) located in the province of Córdoba (Andalusia, southern Spain) (Fig. 1) . This agricultural area is representative of Andalusian dryland crops and has a typical continental Mediterranean climate, characterised by long dry summers and mild winters. The study scene (about 10 230 ha) was visited to determine the main land uses: wheat (Triticum durum L.,), winter legumes [peas (Pisum sativum L.) and broad beans (Vicia faba L.)], olive orchards (Olea europaea L.), urban soil (there are three villages included in the scene: Fernán Núñez, Montalbán and La Rambla) and roads.
A digital multi-spectral (blue, B: 450-520 nm; green, G: 520-600 nm; red, R: 630-690; NIR: 760-900 nm) QuickBird image ( Fig. 1a) with a spatial resolution of 2.4 m-pixel was taken on 19 March 2009 (spring in the experimental conditions) with a radiometric resolution of 16 bits. The QuickBird image was taken at off-nadir angles (0°-25°from nadir). Prior to delivery, the image was radiometrically and geometrically corrected and rectified to the world geodesic survey 1984 (WGS84) datum and the Universal Transverse Mercator (UTM) co-ordinate system by the distributor. No atmospheric corrections were needed.
The geo-reference corrections were also carried out by the distributor. Pixels of the image presented digital counts within the range of 0-6 55 352 values, which corresponded to 16 bits of radiometric resolution. The digital values were directly proportional to the total light reflected from the scene (Flowers et al. 2001 ).
Satellite image pre-processing: segmentation Firstly, a segmentation procedure was used to identify and select the areas where wheat fields were present in the QuickBird scene. The QuickBird image was segmented into multi-pixel objects using the multi-resolution algorithm included in the commercial software Definiens Developer 7 (Definiens AG, Munich, Germany) . Segmentation is a bottomup region-merging process in which the image is subdivided into homogeneous regions according to several parameters (band weights, scale, colour, shape, smoothness and compactness) defined by the operator, with the objective in our case of creating objects delimiting wheat crop-field borders. The scale parameter is an abstract term that determines the maximum allowed heterogeneity for the resulting image objects. The colour and shape parameters, the latter also affected by the smoothness and compactness parameters, define the percentage that the spectral values and the shape of the objects will contribute to the homogeneity criterion, respectively. For a complete description of this process, readers can address the Definiens manual (Definiens 2007) .
Settings for the segmentation parameters were determined by testing different segmentation output scenarios and evaluating their ability to delineate agricultural fields. An empirical discrepancy method (Zhang 1996) was applied to measure the quality of the segmentation outputs of every scenario and to assess the similarity in area and perimeter between segmented objects and real fields. A number of input parameters were tested, and finally the values of 50, 0.9, 0.1, 0.5 and 0.5 were defined for scale, colour, shape, smoothness and compactness, respectively, which provided the most satisfactory segmentation scenario.
The previously described procedure resulted in a QuickBird-segmented image showing the spatial distribution of the homogeneous objects in the scene. The overall winter (a) (b) (Rouse et al. 1973) ). The winter wheat land use was defined by deleting those previous land uses (made up of winter legumes, olive orchards and urban soil plus roads land uses). The accuracy of this process was measured by comparing the coincidence between the output of the extraction process and the real winter wheat fields surveyed together with those from the cadastre information. As a result of this process, a new QuickBird image was obtained, now named the QB-segmented winter wheat image (Fig. 1b) , that showed the spatial distribution of the overall winter wheat fields. This QB-segmented winter wheat image delimited a total of 263 wheat fields corresponding to 2 656 ha (approximately 26.6 km 2 , i.e., 26 % of the area captured by the QuickBird image) and were used for the broad-scale study. The individual area of the winter wheat fields ranged between 3 and 52 ha.
Most of these wheat fields were naturally and highly infested with a mixture of cruciferous weeds, including Diplotaxis spp. and Sinapis spp., and were farmer-managed using no-till production methods. Glyphosate was applied at pre-emergence at 0.7 l ha -1 for the control of annual weed seedlings. At this rate, the herbicide had no significant activity on cruciferous plants. When the QuickBird image was taken, the winter wheat crop showed the typical green colour of vegetative growth stage, and cruciferous weed patches displayed an intensive yellow colour corresponding to the flowering growth stage (Lancashire et al. 1991) . Six of these wheat fields that were infested by cruciferous weed patches were selected and used for the field-scale study. These fields were identified as Fernán-Núñez, Cerro del Á guila, La Hazuela, Los Molinos, Montalbán and La Rambla. UTM co-ordinates and area occupied for each field are shown in Table 1 .
Field survey: ground truth data The winter wheat fields were visited at the time at which the QuickBird satellite image was taken in order to collect and geo-reference the training points and ground truth points of cruciferous-free winter wheat and cruciferous weed patches to substantiate and validate the classification procedures. Training points and ground truth points were collected using the sub-meter differential Global Positioning System (DGPS) TRIMBLE PRO-XRS provided with TDC-1 unit (Trimble, Sunnyvale, CA, USA).
The training points and the ground truth points corresponding to cruciferous weed patches were collected in those areas with a cruciferous weed density above the economic threshold, established in C2 plants m -2 (adapted from Castro-Tendero and Garcia-Torres Castro et al. 2012a) . Taking into account the spatial resolution of the QuickBird image (2.4 m pixel), cruciferous patches were defined as having a surface area of at least 12 m 2 , corresponding to two pixels in the image, since it is necessary to have at least one or two pixels (i.e., 5.46-11.2 m 2 ) in a QuickBird image to detect one object (in our case, cruciferous weed patches) (De Castro et al. 2010) .
The sampling consisted of a ground visit of approximately 76 ha distributed over the QB-segmented winter wheat image and collecting and geo-referencing a number of points (n) throughout the different wheat fields present in the image, consisting of approximately 3n/4 and n/4 for winter wheat and cruciferous weed patches, respectively, with n being the size of the full dataset/points, that is, 2 580 points of cruciferous-free winter wheat and 854 points of cruciferous weed patches. The above-mentioned dataset was randomly split into two datasets for which the size of the training points data set was approximately 40 % of the full data set and 60 % for the ground truth points data set for each land use (i.e., cruciferous weed patches and winter wheat). The training points were used to define the spectral signature and the boundary digital values used in the classification routines. Ground truth points were used to assess the accuracy of the classification methods.
Classification methods ENVI 4.6 (Research Systems Inc. 2009) was used to process and analyze the images. Two supervised classification methods were evaluated to examine their suitability for the classification of cruciferous weed patches at the field-scale (i.e., the six individual wheat fields) and at the broad-scale (i.e., considering the 263 wheat fields of the QB-segmented winter wheat image). The classification methods evaluated were vegetation indices and the MLC.
Vegetation indices
The four multi-spectral bands (B, G, R and NIR), four band ratios (B/G, R/G, NIR/B and NIR/G), and three vegetation indices (NDVI, the ratio vegetation index (RVI = NIR/R) (Jordan 1969) , the R/B index (Everitt and Villarreal 1987) , and difference vegetation index (DVI = NIR-R) (Jordan 1969) , derived from them were used. The mean and standard deviation of the digital values of every class (i.e., cruciferous weed patches and winter wheat) were calculated for each waveband, vegetation index and band ratio and were subjected to analysis of variance. The means of the cruciferous weed patches and winter wheat were separated at the 0.01 level of significance by an LSD test using SPSS software (SPSS 13.0, Inc., Chicago; Microsoft Corp., Redmond, WA, USA).
Boundary digital values intervals (BDVIs) were used to define each region in an iterative manner, based on the information provided by the training points of each class. These data were established according to the statistical values obtained from the training points, adding and reducing the standard deviation to the average. The BDVIs were those that better discriminated the two classes (cruciferous weeds patches and winter wheat), providing the highest statistical accuracy. Every waveband image, band ratio or vegetation index, was classified according to the BDVI that best characterized each class.
Maximum likelihood classifier
The MLC method was used to calculate the probability that a given pixel belongs to one of the predefined classes (winter wheat and cruciferous weed patches), taking into account the Precision Agric (2013) 14:392-413 397 variability in each training zone. The pixel is then assigned to the class to which it most likely belongs, i.e. the class with the highest probability value (Jensen 2005) . Therefore, a probability threshold must be specified in the MLC algorithm to disregard pixels with low probability values. Probability thresholds of 50-95 % were tested in 5 % increments to determine the optimal probability for obtaining maximum accuracy. The number of pixels being classified increases when the threshold is reduced and the number of classified pixels decreases upon extending the probability threshold.
Accuracy assessments
A key concern in remote sensing is quantifying the coincidence between the estimated map and the ground-truth map. To avoid any subjective estimation, for each waveband, band ratio, vegetation index, and probability threshold of the MLC algorithm classified image, a numerical confusion matrix analysis was used to determine the accuracy of the method by comparing the percentage of classified pixels of each class with the verified ground truth class, subsequently indicating the correct assessment and the errors between the classes studied (Congalton 1991) . The confusion matrix provides the Overall Accuracy (OA) of the classification, which indicates the percentage of correctly classified pixels, the user's accuracy for winter wheat (UA w ) and the user 0 s accuracy for cruciferous weed patches (UA c ). The last two accuracies are defined as the percentage of classified pixels of each land use, winter wheat or cruciferous weed patches, that coincide with the verified groundtruth map and indicate its correct assessment and how well the training-set pixels were classified (Rogan et al. 2002) . Overall classification accuracy shows the overall success of classification; the minimum accepted value has been standardised to 85 % (Foody 2002) .
The OA, UA w and UA c were calculated for every waveband, band ratio vegetation index, and probability threshold classified images to validate and assess the accuracy of the considered classification procedures and imagery. The selected classified imagery was that which yielded the highest classification statistics in the confusion matrix analysis.
Site-specific treatment maps
The classified imagery selected in the above section, i.e., those yielding the highest OA, UA w and UA c in the confusion matrix analysis, and therefore that best characterised each land use (i.e., cruciferous weed patches and winter wheat across the QB-segmented winter wheat image), allowed determination of the total area occupied by both land uses in the individual fields (field-scale study) and the QB-segmented winter wheat image (broadscale study) and to develop site-specific cruciferous weed patch treatment maps.
Sectioning and Assessment of Remote Images (SARI Ò ) software (García-Torres et al. 2008; Gómez-Candón et al. 2012a ) was used to generate site-specific treatment maps from the most accurate classified imagery selected both for the individual fields and for the QB-segmented winter wheat image. SARI Ò is designed to manage remotely sensed images for site-specific agricultural applications and is able to produce site-specific treatment maps using weed-classified imagery obtained from remotely sensed data Gómez-Candón 2012b) . SARI Ò split the different wheat fields present in the image into rectangular grids and classified them according to the level of weed infestation within each grid. The selected classified image was processed by taking into account the spatial resolution of the image and the precision agricultural requirements such as cruciferous weed patch size and treatment machinery size. Grid size was established in 6 9 6 pixels corresponding to approximately 15 9 15 m because this size is the usual treatment machinery size in the study area. To generate site-specific treatment maps, each grid was classified according to the percentage of weed infested pixels in the grid. Three classes were assessed: low infestation (\25 % infested pixels, untreated areas), medium infestation (25-50 % infested pixels, low dose areas) and high infestation ([50 % infested pixels, normal dose treated areas). These classes were defined to allow the farmer to make a decision based on numerical results rather than purely on visual, subjective and arbitrary criteria. Thus, the farmer can either choose to not treat the grid; treat the grid at low rates by adjusting the herbicide dose to the current density of cruciferous weeds without a loss of efficacy; or treat the grid at the normal dose, which is indicated on the product label.
Results and discussion
Vegetation indices
The mean and SD of the spectral digital data of cruciferous weed patches and winter wheat as well as the wavebands and band ratios for each of the six individual fields and for the QB-segmented winter wheat image were calculated (data not shown). Significant differences in the digital data between winter wheat and cruciferous weed patches were observed in most of the analysed multi-spectral wavebands, band ratios and vegetation indices (data not shown), which confirms the potential for discriminating cruciferous weed patches in winter wheat during the late season using QuickBird satellite imagery, as previously suggested (De Castro et al. 2012b) .
The selected BDVIs providing the highest overall accuracy for wheat and cruciferous weed patches and the classification statistics obtained in the confusion matrix (OA, UA w and UA c ) for all multi-spectral wavebands, band ratios and vegetation indices, in every individual field considered (field-scale study), are shown in Table 2 . Digital values for the B, G and R wavebands were higher for cruciferous weed patches than for winter wheat in all individual fields selected, except in La Rambla; whereas the opposite occurred for NDVI, RVI and B/G. These results agree with those of previous studies (Lamb and Weedon 1998; Peña-Barragán et al. 2007) , which suggested that green vegetation pixels corresponding to crops are expected to have higher NDVI values than the yellow vegetation pixels corresponding to flowering plants because the NDVI measures the vigour of vegetation.
Accuracy assessments varied slightly according to the fields. Most of the multi-spectral bands and vegetation indices provided optimum results for the discrimination of cruciferous weed patches and winter wheat, with OA values higher than 85 %, which is the minimum accepted value according to earlier studies (Thomlinson et al. 1999; Foody 2002) . Specifically, when the G, R and NIR wavebands and the DVI, B/G and R/B vegetation indices were used, OA % values greater than 87.33 % were obtained in all the fields (except in La Rambla). Therefore, all these bands and vegetation indices could successfully discriminate cruciferous weed patches from winter wheat ( Table 2) .
The best classification of cruciferous weed patches was achieved with the B/G index (the OA ranged from 92.81 % in Fernán Núñez to 97.85 % in La Hazuela), and satisfactory results were obtained with the NIR, R and G wavebands due to the spectral differences between cruciferous weeds and wheat. Specifically, the yellow colour of cruciferous flowers generates high reflectance in the R and G bands and low reflectance in the B band, and therefore, the B/G and R/B vegetation indices enhance these differences. These results are in agreement with those of a previous study (Peña-Barragán et al. 2007) , in which The lower OA obtained in La Rambla could be due to the variability inherent to this farmer-managed field study; i.e., this field could have been sown at an earlier sowing date. This circumstance could cause changes in the crop growth stage compared to the other fields. Thus, when the field survey was carried out to obtain the ground truth data, we recorded that the winter wheat plants showed a slightly more advanced growth stage and a less bright green colour, while cruciferous weeds were in full bloom. These differences in the crop growth stage in this location can produce changes in the spectral values in such a way that digital values of the more advanced growth crop plants were more similar to those of the full flowering weeds. Furthermore, in this field, the cruciferous weed patches were sparse and showed a mixture of cruciferous weeds and wheat within the pixel. With regards to the UA c , cruciferous weed patches were discriminated at 100 % by NDVI and RVI, indicating how well the training-set pixels were classified using these vegetation indices and conferring consistency to the results.
The main objective of this research was to test whether it is possible to distinguish cruciferous weed patches on a broad-scale using remote sensing datasets from the QuickBird satellite image; therefore, a similar classification process was carried out to that described above using the data set obtained after the segmentation process, i.e., using the QB-segmented winter wheat image (Fig. 1b) . As stated in the Materials and Methods section, this image delimited a total of 263 winter wheat fields corresponding to 2 656 ha (approximately 26.6 km 2 , i.e., 26 % of the area captured by the QuickBird image). In the same way as was observed in the individual fields, significant differences in the digital data between winter wheat and cruciferous weed patches were observed in most of the analysed multi-spectral wavebands, band ratios and vegetation indices, which confirm the potential for discriminating cruciferous weed patches in winter wheat on a broad-scale (data not shown).
The selected BDVIs providing the highest overall accuracy for winter wheat and cruciferous weed patches as well as the classification statistics obtained in the confusion matrix (OA, UA w and UA c ) for all multi-spectral wavebands, band ratios, vegetation indices in the QB-segmented winter wheat image are shown in Table 3 . BDVIs for B/G and R/B indices (i.e., the indices that provided the best classification results for the cruciferous weed patches in the field-scale study) obtained for the QB-segmented winter wheat image were slightly broader than those obtained for the individual fields. That is, the amplitude range for the B/G index was 0.09, 0.10 and 0.03 in Los Molinos, Cerro del Á guila and La Hazuela, respectively, and 0.13 in the QB-segmented winter wheat image. From an agronomic point of view, the use of broader BDVIs is recommended for the generation of weed maps because the area of the weed-patch area increases with an increase in the broadness of the BDVI. Although the overall accuracy can be reduced, classification according to the BDVI should be adjusted to obtain optimal error values with respect to the economic treatment threshold because farmers often err on the side of treating weed-free crop areas rather than assuming the risk of allowing weeds to go untreated (Gibson et al. 2004) .
Accuracy assessments varied according to the wavebands, band ratios and vegetation indices analysed (Table 3 ). The best classification of the cruciferous weed patches was achieved with a B/G index with an OA of 89.45 %, although satisfactory results were also obtained with the G band (83.71 %), NIR band (84.81 %) and R/B index (82.29 %). In general, the classification statistics obtained with the vegetation indices classification method of the QuickBird-segmented winter wheat image yielded slightly lower results than the field-scale classifications; nevertheless, an OA [ 80 % was achieved in the broad-scale study. This percentage of success can be considered to be satisfactory according to results from previous broad-scale studies using QuickBird satellite imagery for mapping invasive aquatic weeds (Everitt and Yang 2007) , differentiating wetland vegetation (Everitt et al. 2004) , or detecting diseases in trees (Santoso et al. 2011; Coops et al. 2006) . The results are also consistent with those of other authors, e.g. Thomlinson et al. 1999 , who reported that the criteria for successful land cover categorisation was not only an 85 % minimum overall but also the inclusion of no class with less than 70 % accuracy. Thus, one study (Yu et al. 2006) established that an overall classification accuracy surpassing 60 % could be considered satisfactory when mapping complex or broad-scale vegetation classifications.
Maximum likelihood classifier (MLC)
The results obtained from the confusion matrix of the MLC using a probability threshold of 85 % at the field-scale and broad-scale considered in the study are shown in Table 4 . The MLC classification method yielded better results than the vegetation indices procedure. Considering the MLC method and the field-scale study, OAs greater than 91 % were achieved, except in La Rambla, where OA was lower than 85 % (value standardised to indicate the overall success of classification), as also reported in the vegetation indices analysis. The QB-segmented winter wheat image MLC classification yielded better results than the field-scale classifications, showing an OA of 91.30 %, UA w of 94.89 and UA c of 84.81 %. Table 5 summarises the best results obtained with the two supervised classification methods for field-scale and broad-scale (QB-segmented winter wheat image), and the fluctuations in the total area of each class classified. Among the best methods, the following trend in the accuracy of the results was observed: MLC [ B/G ratio [ G waveband [ R waveband [ NIR waveband. Generally, the percentage of surface area classified as cruciferous weed patches was greater with the MLC classification method than when using vegetation indices in all the individual fields except those in Los Molinos, where the infested cruciferous weed area was 5.30 and 7.58 % for the MLC and the R waveband, respectively.
Similarly, the analysis of the QB-segmented winter wheat image revealed that infestation of winter wheat fields with cruciferous weeds was apparent throughout the study site, occurring in almost 70 % of the winter wheat fields with an area C3 ha, i.e., 184 out of the 263 winter wheat fields delimited in the QB-segmented winter wheat image were infested by cruciferous weeds (Table 6 ). The percentage of the surface area infested by cruciferous weed patches in the winter wheat fields was classified as low (infestation level B20 % of the field area) in 37 % of the wheat fields (a total of 68 fields) and as medium (infestation level [21 % and \50 % of surface infested) in 40 % of the winter wheat fields. Meanwhile, the percentage of winter wheat fields classified as high (infestation level exceeding 50 % of the field area infested by cruciferous weeds) was below 25 % of the fields (a total of 43 fields). Regarding the MLC classification, the field-scale study follows this trend, and the individual fields can be classified as follows: low infestation level: Los Molinos; medium infestation level: Fernán Núñez, Cerro del Á guila, and Montalbán; and high infestation level: La Hazuela and La Rambla (Figs. 2, 3 ).
Precision Agric (2013) 14:392-413 403 Site-specific treatment maps
Classified maps for every individual field (field-scale, Fig. 2 ) and for the QB-segmented winter wheat image (broad-scale, Fig. 3 ) were created according to the method that provided the best classification results; i.e., the MLC method was used in Fernán-Núñez, Los Molinos and Montalbán; the NIR waveband in Cerro del Á guila; the B/G ratio in La Hazuela; the RVI index in La Rambla; and the MLC method in the QB-segmented winter wheat image. To obtain site-specific treatment maps from the most accurate classified imagery, SARI Ò software was used to split the field images into rectangular grids (15 m 9 15 m) and classify them according to the level of cruciferous weed infestation within each grid. Figure 4 shows the site-specific treatment maps for cruciferous weed patches in the field-scale study. The results from Fernán Núñez (Fig. 4a) indicated that almost 70 % (11.6 ha) of the total area was classified as untreated because no, or very low, cruciferous infestation was recorded. Similar results were obtained for Cerro del Á guila (Fig. 4b) , where only 8.84 % (0.6 ha) and 11.78 % (0.8 ha) of the total area should be treated with a normal and low dose of herbicide, respectively. Alternatively, in Montalbán (Fig. 4e) , even when almost 41 % of the total area was classified as cruciferous weed patches (see Table 5 ), only 27 % (6.4 ha) should be treated with a normal dose and 13 % (3 ha) with a low dose.
The site-specific treatment for cruciferous weed patches in the broad-scale study (QB-segmented winter wheat image) is shown in Fig. 5 . The results showed that 61.31 % (i.e., 1 628.96 ha) of the total wheat crop area was classified as untreated, and although almost 39 % (1 027.84 ha) of the total area was classified as cruciferous weed patches, only 25.66 % (681.87 ha) should be treated with the normal dose, whereas 13 % (345.97 ha) should be treated with an adjusted or low dose due to those latter areas being only moderately infested.
Discussion
The main objective of this research was to determine the suitability of QuickBird satellite imagery for the classification and mapping of cruciferous weeds in winter wheat crops in field-scale and broad-scale scenarios, using vegetation indices and MLC classifications to aid in delineating in-season site-specific management zones. Our results show that the spatial distribution and mapping of cruciferous weed patches within a winter wheat crop was successfully achieved with satisfactory accuracies in several of the methods applied. This allowed use of those maps to design timely in-season post-emergence treatments in order to carefully target herbicide use. These techniques have been particularly useful for SSWM in our broad-scale study when farmers or advisors need a fast and cost-effective tool to control these weeds or when winter wheat crops are in large and inaccessible areas for on-ground surveys. Thus, by developing site-specific treatment maps in the QB-segmented winter wheat image, the herbicide savings were 61.31 and 13.02 % for no-treatment areas and low-dose areas, respectively. Holm et al. (2000) showed that herbicide rates can be reduced to levels below those specified on the product label according to weed density. Following this strategy, herbicide savings could be around 68 % in the present study.
The statistical results are consistent in both field-scale and broad-scale studies. This is very helpful because a specific experimental design was not constructed; rather, many real wheat fields were analysed that likely had slightly different sowing dates and cropping systems, which are exogenous factors that can result in complications. This situation was already discussed when analysing the slightly lower OA at La Rambla location in the fieldscale study for any of the classification techniques applied. Regardless, the fact that satisfactory results were obtained across different locations and fields in several of the classification methods tested confers reliability to the study and offers the possibility to extrapolate the results to wider agricultural areas (farming states and districts) for different levels of weed management in order to decrease herbicide use in an environmental friendly The values given in bold represent Overall Accuracy best performance WB multi-spectral wavebands, bands ratios, VI vegetation indices, OA overall accuracy (%), UA w user accuracy for wheat (%), UA c user accuracy for cruciferous weed patches (%) manner. This is particularly relevant considering that QuickBird imagery is cheap, can cover a much larger agricultural area than that analysed in this study and is available worldwide. Another interesting aspect of the research presented herein is that cruciferous weed maps can be used very close to the time of herbicide spraying in the current crop season (in-season) in such way that it is not necessary to wait for the following cropping season. This is important because it is therefore not required to create a prediction map of the spatial persistence of weed patches next season, which is complex and highly dependent on the stability of every weed species and each annual climatic and cropping systems variation, as previously reported (López-Granados et al. 2006; Martín et al. 2011) . Consequently, following the research strategy, detection of cruciferous weeds was avoided in wheat when they are at early growth stage (seedling phase) and show similar spectral characteristics. According to previous work (López-Granados 2011), seedling weed detection in early wheat would have required either airborne hyperspectral imagery or imagery from unmanned aerial vehicles. Hyperspectral remote sensing offers the spectral resolution (usually hundreds of narrow and contiguous wavelengths, usually less than 10 nm wide) for achieving this aim; however, it is generally more expensive and covers a much smaller surface area. Imagery from unmanned aerial vehicles offer the spatial resolution (pixel size from several millimetres to a few centimetres), but they are unsuitable for the broad-scale scenario present in this research. Therefore, it is recommended that mapping broad-scale cruciferous weeds is most efficiently undertaken at late growth stages and using high-spatial-resolution QuickBird imagery. The study is included in a broader research programme to investigate the opportunities and limitations of remote sensed imagery in accurately mapping cruciferous weeds in winter crops. As a first step, the potential to identify variations in weed hyperspectral and multi-spectral on-ground signatures across different years and locations was explored (De Castro et al. 2012b) . In that investigation, it was concluded that the next step would be to determine whether QuickBird satellite imagery could potentially distinguish these weeds within crops. Therefore, the present study contributes to the overall research program by showing that this remote imagery has the spatial and spectral resolutions required to achieve the main objective.
Conclusions
The results of the present study have shown that multi-spectral and high-spatial resolution QuickBird imagery is a new, reliable and feasible possibility for mapping cruciferous weed patches in wheat crops at the field-scale (field area range between 3 and 52 ha) and the broad-scale (approximately 2 656 ha) when winter wheat is at the vegetation stage and still green and cruciferous weeds patches are at early or full flowering stage and display an intensive yellow colour. For the field-scale study, the best results (OA values greater than 85 %) were obtained when the MLC classifier and B/G ratio were employed. In particular, (a) (b) Fig. 3 Classified maps for QuickBird-segmented winter wheat image. In parenthesis classification cruciferous method used the MLC method showed an OA higher than 91 % in five of the six individual fields analysed. Generally, the classification statistics obtained with the vegetation indices and MLC classification method in the QB-segmented winter wheat image (broad-scale) yielded slightly lower results than for field-scale classifications, possibly due to typical variations present among a wide number of sites. Nevertheless, OA values higher than 89 % were obtained when the B/G ratio and MLC were applied. Cruciferous weed patch imagery classified with the MLC method was used to produce site-specific treatment maps for in-season post-emergence treatment control on a field-scale and broad-scale. The data were categorised in three zones, including no treatment, treatment at a normal dose and treatment at an adjusted dose. By applying site-specific treatment maps to the QB-segmented winter wheat image, the herbicide savings consisting of no-treatment areas were 61.31 % and were 13.02 % for low-dose areas.
The aim of the study was to develop classification techniques appropriate for the accurate identification of cruciferous weeds in winter wheat crops at a field-scale and a broad-scale using QuickBird satellite imagery. The results indicate that, compared to traditional uniform applications, site-specific cruciferous weed management reduced herbicide application and can contribute to the profitability and sustainability of cropping systems. Currently, there is available site-specific technology for farmers to implement SSWM; however, the main limitations and the bottleneck for adopting this technology are the access to perception systems and the development of classification techniques capable of monitoring crop and weeds. The use of multi-spectral high-spatial resolution satellite imagery for mapping weed patches on a broad-scale can help to solve this gap in order to implement widespread adoption of SSWM and reduce costs. 
